The potential of producing an intergeneric hybrid between Dichroa febrfuga Lour. and Hydrangea inacrophy/la (Thunb.) Ser. was investigated. Reciprocal hybridizations were made between a D. febrfuga selection (GUIZ 48) and diploid ('Veitchii') and triploid (Kardinal' and 'Taube') cultivars of H. inacrophylla. Embryo rescue was employed for about one-third of the crosses that produced fruit, and the rest were allowed to mature on the plant and seedcollected and germinated. Reciprocal hybrids, which were verified with simple sequence repeat markers, were produced from both embryo rescue and seed germination and with both diploid and triploid H. nzacrophylla cultivars. Hybrids were intermediate in appearance between parents, but variability in leaf, inflorescence, and flower size and flower color existed among the hybrids. A somatic chromosome number of 2n = 6x = 108 was tentatively proposed for D.febrfuga GUIZ 48.
Flower color in H. macrophylla is dependent on cultivar and availability of aluminum in the soil (Takeda et al., 1985) ; because aluminum becomes less available as soil pH rises, flower color is related to soil pH. Although a few cultivars will not produce blue flowers even in the presence of adequate aluminum (Din, 2004) , the flowers of most cultivars will be blue under low soil pH conditions. When grown in a high pH soil, flowers of these cultivars will be pink. Because the components used in soilless media contain no aluminum, aluminum must be added during pot plant production in greenhouses and for containerized nursery plants if blue flower color is desired at the time of sale. Greenhouse producers typically apply aluminum sulfate every 2 weeks while monitoring soil acidity to ensure that pH levels do not drop to toxic levels (Bailey, 1989) . Changes in flower color under different soil pH conditions have not been investigated in D. febrijiega; however, we have observed that the GUIZ 48 selection of this species produces blue flowers in the absence of aluminum.
Phylogenetic analyses of rbcL sequences in the Hydrangeaceae suggest a close relationship between genus Dichroa Lour. and H. macrophvlla (Soltis et al., 1995) . Simple sequence repeat (SSR) markers indicate H. macropkvlla is more genetically similar to D. febr (fuga than to other Hydrangea L. species . Morphological investigations support a close relationship between these two species (Hufford, 2001; Soltis et al., 1995) . Wide hybridization has resulted in a number of landscape plants that possess the best features of both parents (Din, 1998 ), but the same success has been very difficult in Hydrangea.
Although hybrids between H. macrophylla and Hydrangea paniculata Sieb. were produced using in ovolo embryo rescue, the resulting plants were sterile and lacked vigor (Reed et al., 2001; Reed, 2004) . H. macrophylla x Hydrangea arborescens L. hybrids were also produced via embryo rescue, following regeneration from callus derived from cotyledon tissue (Kudo and Niimi, 1999) , but were aneuploid and apparently not of commercial value. Embryo rescue was used to produce putative H. macrophylla x Hydrangea quercifolia Bartr. hybrids (Kudo et al., 2002) ; however, the vigor and fertility of this putative hybrid are not known. Hydrangea arborescens x Hydrangea involucrata Sieb. hybrids were obtained without using in vitro procedures, but they have no commercial merit and do not appear to be fertile . A hybrid between H. involucrata and Hydrangea aspera D. Don, both of which are members of subsection Asperae, is available commercially but is not considered particularly desirable (Dirr, 2004) . Two preliminary reports of hybridization between H. macrophylla and D. jithrifuga have been published; however, they both lack details on techniques used and descriptions of hybrid progeny Kardos et al., 2006) .
The objective of this study was to produce and characterize hybrids between H. rnacrophvlla and D. jèbri fitga. Desirable traits from D. febrifuga include evergreen foliage, persistent blue berries, ability to produce blue flowers independent of aluminum availability, and large individual flowers. In comparison, H. niacrophylla is more cold hardy and has larger inflorescences than D. febrifuga, and the showy imperfect flowers found in H. macrophylla and most other member of this genus are absent from D. febrifuga. The long-term goal of this project is to develop plants exhibiting a combination of desirable traits from H. macrophylla and D. Jebrifuga.
Materials and Methods
INTERGENERIC HYBRIDIZATION. Dichroa febrifuga selection GUIZ 48 and three H. macrophylla cultivars (Kardinal, Taube, and Veitchii) were used in this study. The D.Jebrifuga selection used was acquired from Heronswood Nursery (Warminster, PA) and was described as being a clone collected in Guizhou Province, China, by P. Wharton of the University of British Columbia Botanical Garden. 'Veitchii' is a diploid (2n = 2x = 36), and 'Kardinal' and 'Taube' are triploids (2n = 3x = 54) (Jones et al., 2007) . Cross-pollinations were made between D. febrifuga and the three H. macrophylla cultivars during Summer 2005. 'Kardinal' was used only as the staminate parent, whereas reciprocal pollinations were made with 'Taube' and 'Veitchii'. Opened and immature flowers were removed from inflorescences intended as parents. Both male and female inflorescences were covered with a breathable plastic bag (DeiStar Technologies, Middletown, DE) . Flowers were emasculated 1 d before anticipated anthesis and pollinated 1-3 d following emasculation by touching newly dehisced anthers directly to stigmas. Female inflorescences were then re-covered with the breathable plastic bag for at least 2 weeks.
Because of past difficulties in creating interspecific hybrids using H. rnacropkvlla, in ovolo embryo rescue was employed with about one-third of the pollinations that produced fruit. Ovaries were collected 63-68 d after pollination, placed in 70% ethanol for 1 mm, followed by 20% sodium hypochlorite for 20 mm, and then rinsed twice with sterile distilled water. All enlarged, opaque ovules were excised from the ovaries in a laminar flow hood using a stereomicroscope and placed on Gamborg's B-5 media (Gamborg et al., 1968) supplemented with 2% sucrose. All media were adjusted to pH 5.7-5.8 before autoclaving. Cultures were maintained at 25 °C in the dark for the first 2 weeks and then given a 16-h light/8-h dark photoperiod. Cultures were examined for germination at 2-week intervals for 6 weeks. Plants were transferred to a soilless medium and moved to the greenhouse as soon as they developed a root system. Numbers of surviving plants was determined r8 months after removal from aseptic conditions. The remaining two-thirds of the capsules remained on the plant until maturity, which was 20 weeks after pollination. Seed were removed from capsules and stored at 4 °C for 2 months. Previously published seed-germination and seedlinghandling procedures were used . Fifty seeds were planted for all hybrids except D. febrifliga >< H. macrophylla 'Kardinal', for which only 20 seeds were available. Percent survival was detenriined r6 months after seeds were sown.
SSRs. To verify hybridity, 86 putative hybrids and parents were compared using eight SSR loci that produced polymorphic data for H. macrophvlla and Dichroa parents. SSR loci included in this study were STAB045_46, 11 1_l 12, 125_126, 157158, 307308, 321_322, 429_430, and 501_502 (Rinehart et al., 2006) . DNA extraction, PCR amplification, and SSR analysis methods of Rinehart et al. (2006) were followed. Principal-coordinate analysis (PCoA) was performed using NTSys software (Rohlf, 1992) . Plots were based on the allele-sharing distance matrix.
MITOTIC CYTOLOGY. Root tips were immersed in 0.1 mm colchicine for 3 h at room temperature (22 °C), placed in 45% acetic acid for 10 min at 4 °C, followed by 20 s in a solution of 45% acetic acid 1% hydrochloric acid (1: 1) at 60 °C. After they were rinsed in distilled water, root tips were soaked in 1% aceto-orcein. The meristematic region of the root tip was squashed in aceto-orcein, and chromosomes were counted. Ten metaphase cells from D. fehrifuga and H. macrophvlla 'Kardinal' and at least two cells from each of three hybrids were examined. Root tips were not collected from the other two H. macrophylla cultivars, as somatic chromosome numbers of 36 and 54 had previously been established for 'Veitchii' and 'Taube', respectively (Jones et al., 2007) .
FLOW cVTOMETRY. Flow-cytometric measurements of nuclear DNA quantity were made from 86 verified hybrids, D. febrifliga, and H. macrophylla 'Kardinal', 'Taube', and 'Veitchii'. Pisuni sativuni L. 'Ctirad' (2C = 9.09 pg) was used in each sample preparation, and hybrid data were normalized against this internal reference (Doleel and Barto, 2005) . About 0.5 cm' of growing leaf tissue of the sample plant and of P. sativwn were chopped for 30-60 s in a plastic petri dish containing 0.4 mL of extraction buffer (Partec CyStarn ultraviolet Precise P Nuclei Extraction Buffer; Partec GmbH, Münster, Germany). The resulting extract was passed through a 30-l.tm filter into a 3.5-mL plastic tube, to which was added 1.6 mL of Partec CyStain ultraviolet Precise P Staining Buffer containing the fluorochrome 4' ,6-diamidino-2-phenylidole (DAPI). The relative fluorescence of the total DNA was measured for each nucleus using a Partec PA-1 ploidy analyzer (Partec GmbH). For each sample, at least 5000 nuclei were analyzed, revealing a single peak with a cv <5.0% for all but two samples. Twelve samples were processed twice, and data were statistically indistinguishable after normalization.
MORPHOLOGICAL COMPARISONS. Cuttings of all parents were made in Summer 2005, moved to 11 .4-L containers, and placed in the same greenhouse conditions as the hybrids so that parents and progeny would be exposed to similar light and temperature conditions. No supplemental aluminum was added to the pine bark-based growing medium. Blade length and width and petiole length were measured on the first fully expanded leaf of parents and 38 hybrids in July 2006. Three leaves were measured on each plant and values averaged.
Inflorescence and flower measurements were made on parents and 3 1 hybrids. Using three inflorescences of each plant, the widest part of the inflorescence was measured and the number of flowers per inflorescence counted. Flower length and width were measured on five flowers of each plant. Flower color was recorded for all hybrids that flowered, and flowers were examined for presence of pistils and stamens. Berry color was not assessed, as all fruits resulting from open or controlled pollinations were removed at the end of the growing season.
PRODUCTION OF F 2 AND BC 1 PROGENY. During Summer 2006, seven D.t'hrifuga x Veitchii' plants were used in F2 and BC crosses. Two hybrids were self-pollinated, and the others were intercrossed. Four hybrids were used in reciprocal backcrosses to parental species. Hybridizations were made as described for the F 1 cross, and all seeds were allowed to mature on plant. Seed germination followed previously published techniques . For the self-pollination, all 30 seeds obtained were tested for germination. Sixty seeds from each of five fullsib F2 crosses and for each BC, hybrid were germinated.
Results

INTERGENFRIC HYBRIDIZATIONS.
Fruit was produced from all five parental combinations (Table 1) . About two-thirds of the crosses produced fruit; averaged over all crosses, fruit set was similar in reciprocals. From all combinations of crosses, 97 ovaries were collected for embryo rescue and 199 were allowed to mature on the plants.
No enlarged, opaque ovules were found in the 12 ovaries of D. fithriiga x 'Taube' that were collected for embryo rescue; therefore, no cultures were initiated from this hybridization. Although none of the cultured ovules of D. jbrifiuga x Kardinal' germinated, plants were obtained following embryo rescue of 'Taube' x D. t'brifiiga, 'Veitchui' x D. febrifuga, and D.febrifuga x 'Veitchii' (Table I) . Numbers of plants obtained following embryo rescue of these three hybridizations ranged from 0.8 to 1.4 per ovary; 63% to 93% of these plants were still alive 8 months after transfer from aseptic conditions. Seeds were obtained from all five hybridizations (Table 1 ). An average of 12 seeds per fruit were obtained when H. inacrophvlla was used as the pistillate parent. Only 6% of 'Taube' x D. febrifuga seeds germinated, and all seedlings died within I month of germination. Seed germination was also low for 'Veitchii' x D. febri/uga, but 80% of these seedlings were still alive 6 months after seeding. When D. febritoga was used as the pistillate parent, a mean of five seeds were obtained from each mature fruit. Only 19% of the D. /ebrifiga x H. maccop/n//a seeds germinated, but 74% of the plants survived for at least 6 months.
Viable plants were obtained using both embryo rescue and seed germination only from reciprocal hybridizations of D. /'hrifiiga and 'Veitchii'. For D. febri/iga x 'Veitchii', 0.7 viable plants were obtained per culture or seed capsule. The two procedures also had similar success rates for the reciprocal hybrid, where 1.3 viable plants were obtained per ovary cultured and 1.2 viable plants per capsule were produced following seed germination.
SSR ANALYSIS OF HYBRIDITY. SSR markers verified hybridity in 86 plants obtained from hybridization of H. macropkv//a and D. fehrifiiga. All hybrids contained at least one allele from each parent for all loci except three hybrids between 'Veitchii' and D. febri/liga that failed to produce data at the STAB50I_502 locus. Differences in allele frequencies based on the direction of the crosses were not observed. Inheritance of individual H. macrophv//a alleles at a single locus fit Mendelian expectations for gene segregation. For example, Veitchii' is polymorphic at the STAB32I_322 locus, and hybrids between 'Veitchii' and D. .fehrifuga segregated 52% : 48% at this locus. Dichroa samples produced from one to three alleles, depending on the (Gamborg et al., 1968) . Percent survival based on number of plants still living 8 months after transfer from aseptic conditions. Fruit allowed to mature on plant. Fifty seeds were planted for all hybrids except D.frbrifuga x H. rnacrophvlla 'Kardinal', for which only 20 seeds were available. Percent survival based on number of plants still living 6 months after seeds were sown. locus and showed distorted patterns of inheritance when more than one 0.15 allele size was present, suggesting a higher ploidy level. A 2D scatter plot from a principal-coordinate analysis (PCoA) showed clear separation between the parents and the prog-0.04 eny, with hybrids clustering oil Karda basis of their respective H. macrophvlla parent (Fig. 1) . PCoA explains 87.0% of the total variation, with Cl and C2 axes representing 007 5 1.0% and 36.0%, respectively. CHROMOSOME COUNTS AND FLOW CYTOMETRY. Kardinal' had 54 chromosomes, which confirmed previous flow-cytometric data indicating it to be triploid (Jones et al., 2007) . ambiguous cells appeared to have 108 chromosomes (Fig. 2) . All hybrid cells examined had at least one area of overlapping chromosomes, making it impossible to obtain unequivocal chromosome counts. A minimum of 71 chromosomes were identified in two hybrids, which were from reciprocal crosses involving Veitchii' as the H. macrophv/la parent. A D. fbrifiiga x 'Taube' plant had a minimum of 78 chromosomes, whereas a 'Taube' x D. jebrifuga plant had at least 83 chromosomes.
Flow-cytometric analysis indicated that H. macrophvlla 'Kardinal' and 'Taube' had 7.5 pg of nuclear DNA and that 'Veitchii' had 4.7 pg (Table 2) . With 16.9 pg of DNA, D. fithrifiiga GUIZ 48 had 3.5 times the amount of nuclear DNA of 'Veitchii' and 2.2 times the amounts of 'Kardinal' and 'Veitchii'. Total nuclear DNA in the hybrids ranged from 10.5 to 13.3 pg. On average, hybrids involving 'Taube' or 'Kardinal' had more nuclear DNA than those in which 'Veitchii' had been used as the H. macroph vlla parent; however, there was an overlap in the range of amounts of nuclear DNA between hybrids that had a diploid or triploid H. macrophylla parent.
MORPHOLOGICAL MEASUREMENTS. Leaf blades of D. Jebrifuga were slightly shorter and considerably narrower than were those of H. macrophylla 'Kardinal', 'Taube', and 'Veitchii' (Table 3) . While the H. macrophvlla cultivars had leaf blade length-to-width ratios ranging from 1.1 to 1.4, blades of D. fithri fuga were more than twice as long as wide. The petioles of D. febrifuga were noticeably shorter than those of 'Kardinal' and 'Taube' and slightly shorter than those of 'Veitchii'. The hybrids exhibited variation in all leaf dimensions measured, but variability was greatest for blade length and width (Table 3 ). In general, hybrid leaf dimensions were intermediate to the parents, and no major differences between reciprocals were observed.
Mean inflorescence width was much larger in the three H. macropkvlla cultivars than in D. ft'brifiiga (Table 3 ). The H. to those of the parents or were similar to that of the parent with the smaller measurement; however, the inflorescences of the 1-f. macrophylla x D. febrifuga hybrids were smaller than those of the smallest parent. In general, the D. fbri, fiiga x H. macrophylla hybrids had larger inflorescences and flowers and more flowers per inflorescence than did the reciprocal hybrids. Flower color and morphology were examined in 50 hybrids. Although one 'Veitchii' x D. febrifuga plant had white flowers, the remaining hybrids had flower colors ranging from pink to blue (Fig. 3A-C) . At least half of the plants of all groups of hybrids had blue or purple flowers (Table 3 ). The only group that did not produce any pink flowers was D. febrifuga x 'Veitchii'. Many of the hybrids had darkly colored stigmas, which were very noticeable when paired with light-colored sepals (Fig. 3D) . No blue flowers were found on the H. macrophylla parental cultivars grown in the same potting medium Total nuclear DNA' and under the same conditions as the n ± SE (pg) Range (pg) hybrids. The flowers of the H. macro- 16.9 phylla x D. febrifliga hybrids con-
7.5
tamed either no or petaloid stamens 7.5 (Fig. 313,D) . In contrast, hybrids in 4.7 which D. fithrifuga was used as the pistillate parent contained nor-1.7 ± 0.2 11.1-12.1 mal-appearing stamens, most of 1.6 ± 0.2 12.0-13.3 which released copious amounts ).7 ± 0.0 10.5-10.9 of pollen (Fig. 3A,C) . None of 1.8 ± 0.1 11.0-12.7 the hybrids possessed the large, 1.0 ± 0.0 10. 6-11.5 showy, imperfect flowers found in I-stained nuclei.
H. macrophylla.
PRODUCTION OF F 2 AND BC1
PROGENY. Viable seeds were produced from all D. febrifuga >< 'Veitchii' F2 and 13C 1 crosses (Table 4 ). Only l seed was obtained from each self-pollinated fruit, but the number of seeds per fruit ranged from 22 to 80 among the full-sib F2 and BC crosses. F2 seeds obtained through self-pollination or from crosses of full sibs had similar germination rates. Germination ranged from 13% to 62% among the different 13C 1 crosses.
Discussion
Despite previous difficulties in producing Hydrangea interspecific hybrids (Kudo and Niimi, 1999; Kudo et al., 2002; Reed et al., 2001) , reciprocal hybrids between H. macrophylla and D. febrifuga were easily obtained using both diploid and triploid cultivars of H. macrophylla. Although embryo rescue was successful in producing the hybrids, it proved unnecessary as hybrids were also obtained following germination of seeds that had been allowed to mature on the plant. However, embryo rescue was the only successful method for one of the three hybrid combinations in which D. febrifuga served as the pistillate parent. The embryo rescue procedure employed was originally developed for H. macrophylla (Reed, 2000) ; adjustments in media or time of collection of ovaries for culture may have improved success with D. febrifuga x H. macrophylla. One hybrid combination failed to produce viable plants when -seed germination was employed; however, this could have been the result of inadequate sampling because only 50 seeds were used for the germination test. For the two hybrid combinations that were obtained from both embryo rescue and seed germination, numbers of viable plants obtained per culture or fruit were similar for both techniques. All plants tested were verified as hybrids using SSR markers. We are tentatively proposing 2n = 6x = 108 as the chromosome number for D. febrifuga GUIZ 48. Not only was this the count from the leastambiguous cells, but gametic chromosomes counts from other D. .febrifuga plants indicate n = 18 as the basic chromosome number for the species (Goldblatt, 1981) . Flowcytometric data also support a high ploidy level for this clone as it was found to have more than three times the amount of nuclear DNA as did diploid h. macrophylla cultivars. We have preliminary flow-cytometric data that indicate that some of the other commercially available D. febrifuga cultivars and selections have considerably less total nuclear DNA than does GUIZ 48. We are GUIZ 48 x Hydrangea currently investigating the chromosome number of these other clones; Seed if diploid or tetraploid forms of Seeds/fruit germination D. febnfuga are found, they will (no.) (%f be tested for hybridization with H. macrophylla. 1.3 36.7 There appears to be variation in 26.5 24.9 chromosome number among individual hybrid plants; however, root tips were collected from a limited cate several hybrids have more than 10.8-10.9 pg of DNA, which is the 22.0 25.0 amount that would be expected from the union of an n gamete from H. macrophylla and a 3n gamete from D.febrifuga. The largest amounts of nuclear DNA were observed in hybrids involving 'Kardinal' and 'Taube' as the H. macrophylla parent, which may be the result of aneuploid or 2n gametes produced from these triploid cultivars. However, all flow-cytometric results should be interpreted with caution because DAPI has a higher affinity for AT than for GC bps and is less accurate than are DNA-intercalating fiuorochromes such as propidium iodide (Doleel and Bar-to g, 2005) .
In general, hybrids were intermediate in appearance between parents, but variation was noted within each group of hybrids. Number of seeds planted for germination test: BC 1 crosses = 60 seeds, F2 self-pollination = 30 seeds, F2 full-sib crosses = 300 seeds.
Because both parental species are allogamous, some of this variation could be the result of segregation of heterozygous loci. In addition, because at least one parent of each hybrid is a polyploid, it is also possible that some of the variation results from different aneuploid cytotypes.
The most interesting morphological observations made involved hybrid flower color and form. About 30% of the hybrids had blue flowers, and an additional 43% had purple flowers, even though no supplemental aluminum had been added to the growing medium. Blue flower color was most common among plants obtained from hybridizations of D. febri/uga and 'Veitchii', a lacecap cultivar with white showy and violet or blue inconspicuous flowers (Din, 2004) . Because blue flower color in the absence of aluminum is one of the desirable traits from D. febrifuga, the presence of blue-and purple-flowered F, progeny is promising. None of the hybrids had the showy, imperfect flowers that are typical of H. macrophylla, but this trait may be recovered in advanced-generation progeny. Although hybrids in which H. macrophylla served as the pistillate parent did not possess functional stamens, most plants of the reciprocal hybrid had stamens that produced large amounts of pollen.
Transfer of chromosomes from one species into the cytoplasm of another species following interspecific hybridization and recurrent backcrossing has resulted in cytoplasmic male sterility in many plant genera. This condition is referred to as "alloplasmic male sterility" (Kaul, 1988) and is often expressed as modification of stamens into petaloid or stigmatoid structures. Alloplasmic male sterility has been associated with impaired mitochondrial activity due to a poor cooperation between cytoplasmic and nuclear genomes either at the protein or the RNA level (Hakansson and Glimelius, 1991) . It is possible that the petaloidy observed in H. macrophylla x D. febrifuga hybrids is related to difference in ploidy level between the parental species. In the H. macrophylla x D. febrifuga hybrids, D. febrifuga contributes three times more nuclear genetic material than the cytoplasmic parent, which may create an imbalance between cytoplasmic and nuclear genes. This imbalance would not exist in the reciprocal hybrid, in which the higher ploidy level parent contributed the cytoplasm.
Both F2 and BC, progeny were obtained from D.febrifuga x 'Veitchii' hybrids. F2 seed set was considerably lower when hybrids were self-pollinated rather than crossed to full sibs. Self-incompatibility has been documented in H. macrophylla (Reed, 2005) and inferred for D. jèbrifuga (Hinkley, 2005) . Additional F2 crosses are necessary to determine if the low seed set that we observed following self-pollination of D./èbrifuga x 'Veitchii' hybrids was due to self-incompatibility or to inadequate sampling. Although seed set and germination varied among BC, crosses, reciprocal backcrosses to both parental species produced viable progeny.
This research solidifies the close relationship between H. macrophylla and D. febrifuga and supports recent phylogenetic research (Hufford, 2001; Rinehart et al., 2006; Soltis et al., 1995) , pointing to their close evolutionary relationship. From a breeding standpoint, it is encouraging that the ability to produce blue flowers in the absence of aluminum is expressed in the F1 generation. Several of the hybrids obtained are attractive plants; however, data on cold hardiness, pest resistance, and growth habit in landscape settings are needed before their ornamental merit can be fully assessed. Because we were able to obtain advanced-generation progeny from the D. frbrifuga x 'Veitchii' hybrid, we are optimistic that it and other D. febrifuga x H. macrophylla hybrids will serve as the basis for the development of superior plants with unique combinations of ornamental traits.
